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We report a violation of Bell's inequality using one photon from a parametric down-conversion 
source and a second photon from an attenuated laser beam. The two photons were entangled at 
a beam splitter using the post-selection technique of Shih and Alley [Phys. Rev. Lett. 61, 2921 
(1988)]. A quantum interference pattern with a visibility of 91% was obtained using the photons 
from these independent sources, as compared with a visibility of 99.4% using two photons from a 
central parametric down-conversion source. 
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PACS numbers: 03.65.Ud, 42.50.Xa, 42.50.Dv 



Nearly all experimental tests of nonlocality based on 
Bell's inequality pj have used pairs of photons emitted in 
an entangled state by a common source 0, y] • Nonethe- 
less, Yurke and Stoler have shown that Bell's inequal- 
ities can be violated even if the two particles do not 
originate from a common source 0, and this has been 
demonstrated 5, 6] using two pairs of entangled photons 
from parametric down-conversion combined with entan- 
glement swapping . Here we describe an experimental 
violation of Bell's inequality using one photon from para- 
metric down-conversion and a second photon from an at- 
tenuated laser beam. The two photons were entangled at 
a beam splitter using the post-selection technique of Shih 
and Alley [8(. The ability to obtain non-classical inter- 
ference effects using photons from independent sources 
is an important requirement for an optical approach to 
quantum information processing |9j, llOj . 

One of the interesting features of this experiment is 
the fact that a coherent state produced by a laser is es- 
sentially a classical beam of light. Nevertheless, quan- 
tum interference patterns with visibilities as high as 
91% were obtained using the two photons from indepen- 
dent sources. For comparison, a visibility of 99.4% was 
obtained using two photons from a central parametric 
down-conversion source. The lower visibility for photons 
from independent sources was due to imperfect mode 
matching and a decreased signal-to-noise ratio, as will 
be discussed in more detail below. 

In the first Bell-inequality experiment to use photons 
from parametric down-conversion, Shih and Alley Q 
combined two photons of a down-conversion pair at a 
50/50 beam splitter as shown in Figure ^ In this ex- 
periment, one of the photons is horizontally polarized 
(denoted \H)), while the second photon is vertically po- 
larized (1^0). Provided these photons are otherwise in- 
distinguishable |ll| , the output state can be expressed as 
i(|#i^>) + iltfiVi) + i\H 2 V 2 ) - \ViH 2 )), where the sub- 
scripts denote the output port of the beam splitter. Co- 
incidence measurements in which one photon is detected 
in each output port post-selects an entangled state of the 
form: 



which is suitable for a test of Bell's inequalities [l3] • 

In our experiment, one of the inputs to the beam split- 
ter in Figure^was a single-photon heralded from a down- 
conversion pair |l3j . while the second input photon was 
derived from a weak coherent state. The quality of the 
resulting post-selected state Q, and consequently the 
ability to violate Bell's inequality in this situation, relied 
on the indistinguishability of the photons from these two 
different sources |l4j . 

There have been several experiments demonstrating 
various aspects of the potential indistinguishability of 
down-converted photons and photons from weak coher- 
ent states (see, for example, In partic- 
ular, Rarity and Tapster performed an experiment |l9| 
in which the well known Hong-Ou-Mandel "dip" [2(J was 
observed when a weak coherent state was mixed with a 
single heralded down-conversion photon at a 50/50 beam 
splitter. The key to their experiment was the elimination 
of timing information that, in principle, could distinguish 
the detected photons. This was accomplished by us- 
ing ultrashort laser pulses to pump the down-conversion 
source, followed by narrowband interference filters to in- 
crease the coherence length of the photons and produce 
an overlap of their wavepackets 0, |2l|. This same 
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FIG. 1: An overview of the Shih- Alley technique [8J used to 
violate Bell's inequalities. In our experiment, one of the input 
photons is heralded from a down-conversion pair, while the 
second input photon is post-selected from an auxiliary weak 
coherent state. 
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FIG. 2: A simplified schematic of the experiment used to post- 
select two-photon entanglement from independent sources. 
Details and symbols are described in the text. 



technique has also been successfully used in several ex- 
periments demonstrating higher-order interference effects 
involving single photons emitted from multiple down- 
conversion events [E IE H3, EE E3, EE EE 113, ll^ . 

In the first step of our experiment, the observation of 
a high visibility dip 19] signalled the experimental con- 
ditions necessary for the required indistinguishability of 
the independent photon sources. The second step then 
involved rotating the polarizations to repeat the Shih- 
Alley experiment @ depicted in Figure A simplified 
schematic of our experimental apparatus is shown in Fig- 
ure El 

Short laser pulses (ssl50 fs) at 780nm from a mode- 
locked Ti: Sapphire laser were frequency doubled in a 
BBO crystal (labelled x2), providing UV pulses (390nm) 
that were then used to pump a second BBO crys- 
tal (labelled PDC) optimized for degenerate type-I 
non-collincar parametric down-conversion. This down- 
conversion source emitted pairs of horizontally polarized 
photons at 780nm which were then coupled into single 
mode optical fibers labelled A and B. An optical delay 
unit formed by two translating glass wedges was inserted 
in one of the free-space down-conversion beams. 

A small fraction of the original 780nm pumping beam 
was picked off and used as the weak coherent state. A 
variable attenuator was used to reduce the magnitude 
of this coherent state to the single-photon level, and a 
half- wave plate (A/2) was used to rotate the linear polar- 
ization state as needed. Photons from the weak coherent 
state were coupled into the single-mode fiber labelled C. 

Fibers B and C were connected to the input ports of 
a fused 3dB fiber coupler (labelled 50/50) that served as 
the 50/50 beam splitter for the Shih- Alley experiment 
of Figure ^ The output fibers of the 3dB coupler were 
used to direct the output beams to two single-photon 
detectors D\ and Z?2- These detectors, as well as the 
single-photon triggering detector D t , were preceded by 
narrowband interference filters (not shown) centered at 
780nm. 9\ and 02 were polarization analyzers. 

As shown in Figure [21 the various fibers were joined 
with standard fc:fc connectors. In order to test the qual- 
ity of the 3dB fiber coupler, along with the alignment 



and correlations of the down-converted beams, we first 
repeated the Hong-Ou-Mandel experiment [2EI by tem- 
porarily connecting fibers A and B (rather than B and C) 
to the two input ports (1 and 2) of the coupler. 6\ and 82 
were set to their horizontal values to match the horizon- 
tal polarizations of the down-converted photon pairs, and 
the effects of birefringence in the single-mode fibers were 
minimized using standard fiber polarization controllers. 
Using interference filters with a lOnm FWHM bandpass, 
coincidence counts between D\ and D2 were recorded as a 
function of the relative optical delay imposed by the glass 
wedges. As shown in Figure|3 a standard two-photon dip 
was observed with a visibility of (99.4 ±0.1)%. This high 
visibility indicated a nearly perfect 50/50 beam splitter 
and a minimum of scattered photons from the original 
780nm pumping pulses; both of these were critical re- 
quirements for the subsequent experiments of interest. 

For the subsequent experiments, the fibers were recon- 
nected as shown in Figure [3 The detection of a down- 
converted triggering photon by D t heralded the presence 
of the horizontally polarized twin photon in fiber B with 
some limited probability, and was also used to gate the 
coincidence counting between D\ and D2 |l9|. Because 
the probability of two down-conversion events from a sin- 
gle pump pulse was negligibly small, a gated coincidence 
count between D\ and D2 therefore implied (with high 
probability) the joint detection of the heralded single- 
photon and a single photon from the vertically polarized 
weak coherent state coupled into fiber C. In these in- 
stances the three-photon (ie. gated two-photon) coinci- 
dence measurements post-selected an entangled state as 
in the Shih- Alley experiment 8], but with independent 
sources as depicted in Figure ^ 

The allowable magnitude of the weak coherent state 
was limited by the probability of successfully heralding 
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FIG. 3: Ex per imental results of a two-photon Hong-Ou- 
Mandel test |2Cj| using the apparatus of Figure The data 
shows coincidence counts between detectors Di and D2 as a 
function of relative optical delay between the down-converted 
beams when fibers A and B were used as the inputs to the 
50/50 beam splitter. The solid line is a least-squares fit to a 
simple Gaussian function with a visibility of (99.4 ± 0.1)%. 
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a single photon from a down-conversion pair. Roughly 
speaking, the probability of a three-photon event of in- 
terest P was proportional to Fa, where T corresponds 
the probability (per pump pulse) of a detectable down- 
conversion pair, and a is the probability per pulse of a 
detectable single photon from the weak coherent state. 
On the other hand, the largest background noise contri- 
bution P' (ie. unwanted three-photon detection event) 
was proportional to HTa 2 , where HT denotes the prob- 
ability of detecting a down-converted triggering photon 
while the twin photon has been lost. In order to observe 
the high visibility gated two-photon interference effects 
necessary for a violation of Bell's inequality, we require 
that P ^> P 1 (eg. high signal-to- noise) , which implies 
that a <C 

The other requirement for high visibility in this exper- 
iment was the bandpass of the interference filters, which 
is primarily dictated by the dispersive properties of the 
down-conversion crystal, the pump pulse duration, and 
the crystal length |H lH |3l|]. With our 0.7mm thick 
BBO down-conversion crystal, we found interference fil- 
ters with a 3nm FWHM to be sufficient. With these fil- 
ters in place we would typically obtain approximately 23 
down-conversion coincidence detections per second be- 
tween the triggering detector D t and either D\ or D2, 
while the singles counting rate in Dt was typically around 
1300 counts per second. This implied a value of H w 28, 
which reflects a combination of inefficient coupling of the 
down-converted photons into the fibers, as well as fiber 
losses, limited polarizer and filter transmission, and lim- 
ited detection efficiency. For the 76 MHz repetition rate 
of the mode-locked laser, this required us to limit the 
magnitude of the coherent state so that the singles count- 
ing rates (due to path C) in D\ or D2 were much less 
than 1.4 x 10 6 per second. For the data shown below, we 
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FIG. 4: Observation of a highly non-classical three-photon 
quantum interference dip fTgL l20| . The data shows the 3- fold 
coincidence counts (ie. gated two-photon events) as a function 
of the relative optical delay between a heralded single-photon 
and a single photon post-selected from a weak coherent state. 
The solid line is a least-squares fit to a simple Gaussian func- 
tion with a visibility of (90.8 ± 1.7)%. 
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FIG. 5: Experimental signature of the polarization entangled 
state of equation £Q| post-selected from independent sources. 
The data shows the accumulation of three-photon (ie. gated 
two-photon) coincidence counts as a function of the setting 
of 0i. The solid line is a least squares fit to a Sine-squared 
function with a visibility of (86.4 ±3.2)%. This high visibility 
represents the main result of this paper. 



therefore kept this value at roughly 1.5 x 10 5 counts per 
second (a w 4 x 10 -3 ). Based on the signal-to-noise ratio 
obtained from these values, we would expect at most a 
95% visibility of the quantum interference patterns. 

The data shown in Figure 01 is a plot of the three- 
photon coincidence counting rate as a function of the 
optical delay imposed by the glass w edge s. In analogy 
with the Hong-Ou-Mandel experiment [2(|, the half- wave 
plate was used to horizontally polarize photons from the 
weak coherent state, and 0\ and #2 were set to their hor- 
izontal values. The experimental results show the ex- 
pected gated Hong-Ou-Mandel dip 

013 

with a visi- 
bility of (90.8±1.7)%. As described above, this high visi- 
bility implied that the experimental conditions necessary 
to maintain the indistinguishability of the two photons 
were met when the relative optical delay corresponded to 
the bottom of the dip. 

The test of Bell's inequality with photons from inde- 
pendent sources could then be implemented by vertically 
polarizing the photons from the weak coherent state. The 
data shown in Figure is a plot of the number of gated 
two-photon coincidence detections in this situation as a 
function of the setting of the polarization analyzer 6\, 
with 82 fixed at —45°. Figure[S]represents the main result 
of this paper. The experimental results show the func- 
tional Sin 2 (9i —82) signature of the entangled state in 
equation (JTJ), with a visibility of (86.4 ± 3.2)% M As is 
well known, a visibility greater than 71% in this situation 
is sufficient for a violation of variants of Bell's inequalities 
subject to certain reasonable assumptions |33l |. 

We also gathered extensive data at the various com- 
binations of 9i and 62 settings required for a test of the 
Clauser-Horne-Shimony-Holt (CHSH) version of the Bell 
inequality, for which local hidden-variables models are 
bound by a parameter |5| < 2 [34|. A discussion of the 
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various assumptions and loopholes related to this exper- 
iment is beyond the intended scope of this paper |35|| . 
We obtained an experimental value of S = — 2.44± 0.13, 
which is consistent with what one would expect from the 
visibility of 86% observed in Figure [5J 

Although a common laser beam was used throughout 
the experiment, the same effects would be expected theo- 
retically if two different pump lasers had been used. The 
two photons of interest were known to have been emitted 
in two different crystals, one in the Ti:Sapphire crystal 
of the laser and the other in the BBO down-conversion 
crystal. Any potential phase relationship between these 
two sources should factor out of the final state in equa- 
tion and have no effect on the results. The absence 
of any coherent effects from the laser could be seen ex- 
perimentally from the fact that the relevant beams prop- 
agated over long unstabilized paths that were known to 
cause large phase drifts on time scales much shorter than 



the data accumulation time. In addition to the lack of 
any phase correlation, a comparison of the singles and 
coincidence rates showed that any intensity correlations 
between the two photon sources were less than 1% and 
consistent with zero. 

In conclusion, we have violated Bell's inequality us- 
ing one photon from parametric down-conversion and a 
second photon from an attenuated laser beam. The two 
photons were entangled at a beam splitter through the 
post-selection technique of Shih and Alley 0- These re- 
sults demonstrate that non-classical interference effects 
can be obtained using photons from independent sources, 
which is an important requirement for optical approaches 
to quantum information processing [3, E| • 

We acknowledge useful discussions with M.M. Done- 
gan, M.J. Fitch, and B.C. Jacobs. This work was sup- 
ported by ARO, NSA, ARDA, ONR, and IR&D funding. 
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